Introduction {#s1}
============

With increasing numbers of elderly individuals in the population, the prevalence of dementia is also gradually increasing. The worldwide burden of dementia is presumed to be 5--7% among those over 60 years of and 80% among those over 90 years ([@B1]). In Korea, the disability-adjusted life years of dementia per 100,000 people in 2008 was 528 person-years overall and 5,117 person-years among those 65 years and older, and the burden of dementia is expected to increase steeply ([@B2]). Therefore, communities are encountering this growing burden, and caregivers must provide long-term care for patients with dementia ([@B3]).

Numerous studies have reported that visit-to-visit variability in cardiovascular risk factors is independently associated with the development of cognitive dysfunction or dementia. In a prospective study including 5,461 participants over 70 years of age, a higher visit-to-visit variability of blood pressure was associated with cortical infarcts, lower hippocampal volume, and impaired cognitive function even after adjusting for mean blood pressure ([@B4]). In a three-city study, higher visit-to-visit variability in systolic blood pressure was significantly related to an increased risk of Alzheimer\'s disease (AD) ([@B5]). Additionally, Lattanzi et al. showed that AD patients had an increased coefficient of variation (CV) and standard deviation (SD) in both systolic and diastolic blood pressure compared to those of healthy controls ([@B6]). Moreover, Nagai and Kario suggested that higher visit-to-visit variability in blood pressure was significantly associated with cognitive impairment, vascular dementia (VaD), and AD through the pathophysiology of arterial remodeling, amyloid β-peptide deposition, silent cerebral injury, and dysregulated cerebral circulation ([@B7]). Another study of 311 community-dwelling women older than 65 years of age reported that reduced heart rate variability reflecting cardiac autonomic dysfunction was correlated with impaired cognitive function ([@B8]). In a Taiwan diabetes study cohort including 16,706 patients with type 2 diabetes, increased glycemic variability measured as fasting plasma glucose (FPG)-CV and glycated hemoglobin-CV was related to high risks of AD ([@B9]). Finally, a cross-sectional study reported that higher low-density lipoprotein cholesterol (LDL-C) variability was related to lower cognitive function in older participants with a high risk of vascular disease ([@B10]).

Nevertheless, to the best of our knowledge, no study has assessed the association between long-term total cholesterol (TC) variability and dementia. Therefore, the present study examined the relationships between visit-to-visit TC variability and the incidence of dementia, including AD and VaD, using the longitudinal National Health Insurance Service--National Health Screening Cohort (NHIS-HEALS) database.

Materials and Methods {#s2}
=====================

Data Sources
------------

The NHIS in the Republic of Korea is a government-operated compulsory social health insurance program that includes nearly all citizens (about 98%), who are recommended to receive standardized national health examination programs biannually (annually for manual workers) ([@B11], [@B12]). All health examinations such as anthropometric measurement and laboratory tests are conducted after an overnight fast, and the Korean Association of Laboratory Quality Control superintends the quality control procedures. The NHIS-HEALS comprises a randomly sampled database of \~10% of all participants, aged between 40 and 79 years, within the NHIS data. This study consisted of individuals who underwent the national health examinations in 2007 (the index year) and three or more health examinations between January 1, 2002, and December 31, 2007. After excluding individuals with missing data in at least one variable and who had a previous diagnosis of dementia, stroke, or diabetes mellitus before 2007, a total of 131,965 individuals were finally included in the analysis ([Figure 1](#F1){ref-type="fig"}). Informed consent was waived because anonymous and de-identified information was used for analysis. These protocols were approved by both the NHIS review committee and the institutional review board (IRB). The Korea University IRB approved the study protocol in accordance with the Declaration of Helsinki of the World Medical Association.

![Flowchart of the study population. NHIS-HEALS, National Health Insurance Service--National Health Screening Cohort.](fneur-10-00441-g0001){#F1}

Measurements and Definitions
----------------------------

Body mass index (BMI) was computed as weight (kilograms)/height squared (meters^2^). The smoking and alcohol drinking statuses were obtained from responses to the health examination questionnaire. Regular exercise was defined as strenuous physical activity for at least 20 min and ≥n times/week. Income level was dichotomized at the lower 10%. The presence of diabetes was defined based on the criterion of FPG level ≥7 mmol/L or the presence of at least one claim per year for the prescription of antidiabetic medication under the International Classification of Diseases, Tenth Revision (ICD-10), codes (E10--E14). The presence of hypertension was defined based on the criterion of systolic/diastolic blood pressure ≥140/90 mmHg or the presence of at least one claim per year for the prescription of an antihypertensive agent under ICD-10 codes (I10--I15). The presence of dyslipidemia was defined based on the criterion of TC level ≥6.2 mmol/L or the presence of at least one claim per year for the prescription of a lipid-lowering agent under ICD-10 code (E78). Diagnosis of stroke was defined as ICD-10 codes (I60--I64) on the admission record with computerized tomography or magnetic resonance imaging claim data. Diagnosis of myocardial infarction (MI) was defined as ICD-10 codes (I21--I22) during hospitalization or these codes having been recorded at least two times.

Definition of Total Cholesterol Variability
-------------------------------------------

The TC variability was determined from at least three measurements of TC values during health examinations: three measurements (*n* = 67,609, 51%), four measurements (*n* = 14,069, 11%), five measurements (*n* = 18,840, 14%), and six measurements (n = 31,447, 24%). For descriptive TC variability, we used three indices of variability: TC---variability independent of the mean (VIM), TC---CV, and TC---SD. VIM was defined as 100 × SD/Meanβ, where β is the regression coefficient, based on the natural logarithm of the SD over the natural logarithm of the mean. CV was defined as SD/mean × 100 (%).

Study Outcomes
--------------

We examined newly diagnosed all-cause dementia, AD, and VaD as primary outcomes between January 1, 2008, and December 31, 2015. Diagnosis of all-cause dementia was defined based on the first prescription of an anti-dementia drug \[acetylcholinesterase inhibitors (donepezil, galantamine, rivastigmine) or N-methyl-D-aspartate (NMDA) receptor antagonist (memantine)\] under ICD-10 codes (F00--F03, G30) among outpatients or hospitalized patients. Diagnosis of AD, the most common subtype of dementia, was defined based on the first prescription of an anti-dementia drug with an ICD-10 code for AD (F00, G30), and the diagnosis of VaD was defined based on the first prescription of an anti-dementia drug with an ICD-10 code for VaD (F01). In Korea, in order to prescribe anti-dementia drugs, the Korea National Health Insurance Reimbursement Criteria require that physicians record evidence of cognitive dysfunction: (a) Mini-Mental State Examination (MMSE) ≤ 26 and either (b) Global Deterioration Scale (GDS) ≥3, or (c) Clinical Dementia Rating (CDR) ≥1.

Statistical Analysis
--------------------

Baseline characteristics are presented as means ± SDs for continuous variables and as percentages for categorical variables. Participants were classified into quartiles according to the TC variability. Differences between groups were identified by analysis of variance (ANOVA) for continuous variables and χ^2^-tests for categorical variables. Kaplan--Meier curves of cumulative incidence for all-cause dementia were produced for the four quartile groups of TC variability. The hazard ratios (HRs) and 95% confidence interval (CI) values for all-cause dementia, AD, and VaD were analyzed using the method of Fine and Gray, in order to take into account the competing risk of mortality ([@B13]), for the quartile groups of TC variability, adjusted for age, sex, BMI, alcohol consumption, smoking, regular exercise, income, hypertension, dyslipidemia, history of MI, and mean TC. Cumulative incidence functions (CIFs) were used to estimate the probability of the occurrence of all-cause dementia, AD, and VaD. We applied the proportional hazards model for the subdistribution of a competing risk to estimate the subdistribution HR and 95% CI.

We also performed subgroup analyses of the association between TC-VIM variability and incidence of all-cause dementia, AD, or VaD by age, sex, BMI, hypertension, use of an antihypertension medication, dyslipidemia, use of a lipid-lowering agent, history of MI, current smoking, and income. In subgroup analyses, the HR and 95% CI of the group of the upper three quartiles (Q2--Q4) were compared with those of the lowest quartile (Q1) as the reference group using cox proportional hazards regression analyses with interaction effect. Because of *post hoc* subgroup analyses, we did not adjust for multiple testing.

All statistical results were analyzed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA), and *P*-values \< 0.05 were assumed to indicate statistical significance.

Results {#s3}
=======

Baseline Characteristics of the Study Population
------------------------------------------------

[Table 1](#T1){ref-type="table"} describes the characteristics of the study participants according to the VIM quartiles for TC variability. The ranges of the VIM quartiles with TC variability were 8.40 ± 2.77%, 15.00 ± 1.59%, 21.05 ± 2.06%, and 34.82 ± 10.51%, respectively (*P*-value \< 0.001). The higher-quartile groups of TC variability were older and had higher proportions of women and lower income compared to the lower-quartile group. The prevalence of comorbid conditions such as hypertension, dyslipidemia, and MI also increased incrementally according to quartiles of TC variability. Expectably, BMI, systolic blood pressure, diastolic blood pressure, FPG level, TC level, and proportion of antihypertensive or lipid-lowering agent use were higher in the higher-quartile groups of TC variability. Similar relationships in the baseline characteristics were observed in the quartiles of TC-CV ([Supplementary Table 1](#SM1){ref-type="supplementary-material"}) and TC-SD ([Supplementary Table 2](#SM1){ref-type="supplementary-material"}).

###### 

Baseline characteristics of the subjects according to the total cholesterol (TC) variability measured as variability independent of the mean (VIM).

                                              **Q1**          **Q2**          **Q3**          **Q4**          ***P-*value**
  ------------------------------------------- --------------- --------------- --------------- --------------- ---------------
  *N*                                         32,991          32,991          32,992          32,991          
  Age (years)                                 55.5 ± 8.7      54.5 ± 8.2      54.9 ± 8.4      56.9 ± 8.9      \< 0.001
  Sex (male) (*n*, %)                         18,724 (56.8)   20,140 (61.0)   19,063 (57.8)   16,900 (51.2)   \< 0.001
  Body mass index (kg/m^2^)                   23.8 ± 2.8      23.8 ± 2.8      23.8 ± 2.8      24.0 ± 2.9      \< 0.001
  Systolic BP (mmHg)                          124.3 ± 15.4    124.5 ± 15.3    124.9 ± 15.4    125.8 ± 15.9    \< 0.001
  Diastolic BP (mmHg)                         77.6 ± 10.1     77.9 ± 10.1     78.1 ± 10.2     78.2 ± 10.2     \< 0.001
  AST (IU/L)                                  25.1 ± 11.6     25.4 ± 13.0     25.8 ± 15.3     27.1 ± 18.8     \< 0.001
  ALT (IU/L)                                  23.5 ± 15.5     24.2 ± 18.9     24.5 ± 17.9     25.7 ± 21.6     \< 0.001
  GGT (IU/L)                                  32.7 ± 36.6     35.1 ± 40.3     36.1 ± 42.9     39.2 ± 54.8     \< 0.001
  Fasting plasma glucose (mmol/L)             5.10 ± 0.63     5.10 ± 0.64     5.10 ± 0.65     5.13 ± 0.66     \< 0.001
  Mean TC (mg/dl)                             194.9 ± 29.4    196.1 ± 29.2    198.2 ± 29.6    203.8 ± 31.4    \< 0.001
  TC variability                                                                                              
    VIM (%)                                   8.40 ± 2.77     15.00 ± 1.59    21.05 ± 2.06    34.82 ± 10.51   \< 0.001
    CV (%)                                    4.30 ± 1.45     7.65 ± 0.95     10.69 ± 1.24    17.44 ± 5.13    \< 0.001
    SD (IU/L)                                 8.29 ± 2.83     14.87 ± 2.03    20.99 ± 2.75    35.39 ± 12.07   \< 0.001
  Current smoker (*n*, %)                     6,059 (18.4)    6,894 (20.9)    6,544 (19.8)    5,829 (17.7)    \< 0.001
  Alcohol consumption (*n*, %)                14,024 (42.5)   14,950 (45.3)   14,291 (43.3)   12,640 (38.3)   \< 0.001
  Regular exercise (*n*, %)                   3,446 (10.4)    3,077 (9.3)     3,088 (9.4)     3,420 (10.4)    \< 0.001
  Income (lower 10%) (*n*, %)                 2,299 (7.0)     2,309 (7.0)     2,555 (7.7)     2,871 (8.7)     \< 0.001
  Hypertension (*n*, %)                       17,457 (52.9)   18,077 (54.8)   18,726 (56.8)   20,336 (61.6)   \< 0.001
  Dyslipidemia (*n*, %)                       5,528 (16.8)    7,696 (23.3)    10,644 (32.3)   18,531 (56.2)   \< 0.001
  History of myocardial infarction (*n*, %)   182 (0.6)       154 (0.5)       202 (0.6)       430 (1.3)       \< 0.001
  Use of antihypertensive agent (*n*, %)      10,170 (30.8)   9,776 (29.6)    10,536 (31.9)   13,596 (41.2)   \< 0.001
  Use of lipid-lowering agent (*n*, %)        2,487 (7.5)     2,677 (8.1)     3,530 (10.7)    8,054 (24.4)    \< 0.001

*AST, aspartate transaminase; ALT, alanine transaminase; BP, blood pressure; GGT, γ-glutamyl transferase; VIM, variability independent of the mean; CV, coefficient of variation; SD, standard deviation*.

*P-value by ANOVA and chi-square test. Data are expressed as mean ± SD, or n (%)*.

Implication of Total Cholesterol Variability With All-Cause Dementia, Alzheimer\'s Disease, and Vascular Dementia
-----------------------------------------------------------------------------------------------------------------

There were 3,722 all-cause dementia (2.82%), 2,776 AD (2.10%), and 488 VaD (0.37%) during the median follow-up of 8.4 years in the entire cohort. The unadjusted cumulative incidences for all-cause dementia, AD, and VaD showed significantly higher incidences among the subjects in the fourth quartile of TC variability compared with those in the first quartile, measured as VIM ([Figure 2](#F2){ref-type="fig"}), CV (all-cause dementia: *P* for Gray test \< 0.001, AD: *P* for Gray test \< 0.001, VaD: *P* for Gray test \< 0.001), and SD (all-cause dementia: *P* for Gray test \< 0.001, AD: *P* for Gray test \< 0.001, VaD: *P* for Gray test = 0.005). The Fine and Gray hazards regression models revealed a steadily higher risk of all-cause dementia in the higher quartiles compared with that of the lowest-quartile group in TC variability ([Table 2](#T2){ref-type="table"}). In TC variability as measured by VIM, CV, and SD, the HRs for incident all-cause dementia were 1.15 (95% CI = 1.05--1.27; *P* = 0.003), 1.20 (95% CI = 1.09--1.32; *P* \< 0.001), and 1.12 (95% CI = 1.02--1.23; *P* = 0.023) in the group of the highest quartile of TC variability compared to those of the lowest-quartile group after adjusting for multiple variables and the mean TC. Furthermore, TC variability was also identified as a meaningful predictor of AD, even after adjusting for confounding factors ([Table 3](#T3){ref-type="table"}). In TC variability as measured by VIM, CV, and SD, the adjusted HRs for incident AD were 1.12 (95% CI = 1.00--1.25; *P* = 0.040), 1.16 (95% CI = 1.04--1.29; *P* = 0.009), and 1.10 (95% CI = 0.98--1.23; *P* = 0.094) in group of the highest quartiles of TC variability compared to that of the lowest-quartile group. However, the risk of VaD was not significantly increased in the higher-quartile groups compared to that of the lowest-quartile group in TC variability as measured by VIM, CV, and SD \[1.22 (95% CI = 0.95--1.57; *P* = 0.122), 1.34 (95% CI = 1.04--1.73; *P* = 0.023), and 1.12 (95% CI = 0.87--1.45; *P* = 0.374)\] ([Table 3](#T3){ref-type="table"}).

![Kaplan--Meier estimates of the cumulative incidence by quartile of total cholesterol variability measured as the variability independent of the mean (VIM). **(A)** All-cause dementia. **(B)** Alzheimer\'s disease. **(C)** Vascular dementia.](fneur-10-00441-g0002){#F2}

###### 

Hazard ratios (HRs) and 95% confidence intervals (CIs) of all-cause dementia by quartiles of total cholesterol (TC) variability.

                             **Events (*n*)**   **Follow-up duration (person-years)**   **Incidence rate (per 1,000 person-years)**   **Adjusted HR (95% CI)**   ***P*-value**
  -------------------------- ------------------ --------------------------------------- --------------------------------------------- -------------------------- ---------------
  **TC Variability (VIM)**                                                                                                                                       
  Q1                         853                271,508                                 3.14                                          1 (ref)                    
  Q2                         787                271,396                                 2.90                                          1.12 (1.02--1.24)          0.020
  Q3                         865                271,030                                 3.19                                          1.13 (1.03--1.25)          0.012
  Q4                         1,217              268,717                                 4.53                                          1.15 (1.05--1.27)          0.003
  P for trend                0.004                                                                                                                               
  **TC variability (CV)**                                                                                                                                        
  Q1                         848                271,568                                 3.12                                          1 (ref)                    
  Q2                         822                271,365                                 3.03                                          1.20 (1.09--1.32)          \< 0.001
  Q3                         819                271,217                                 3.02                                          1.09 (0.99--1.20)          0.091
  Q4                         1,233              268,503                                 4.59                                          1.20 (1.09--1.32)          \< 0.001
  P for trend                0.002                                                                                                                               
  **TC variability (SD)**                                                                                                                                        
  Q1                         861                271,356                                 3.17                                          1 (ref)                    
  Q2                         772                271,475                                 2.84                                          1.07 (0.97--1.18)          0.167
  Q3                         886                270,821                                 3.27                                          1.11 (1.01--1.22)          0.032
  Q4                         1,203              269,001                                 4.47                                          1.12 (1.02--1.23)          0.023
  P for trend                0.018                                                                                                                               

*VIM, variability independent of the mean; CV, coefficient of variation; SD, standard deviation*.

*Adjusted for age, sex, income, body mass index, hypertension, dyslipidemia, history of myocardial infarction, smoking, alcohol intake, exercise, and mean TC level*.

*Using regression methods of Fine and Gray for competing risk data (death is a competing event for dementia)*.

###### 

Hazard ratios (HRs) and 95% confidence intervals (CIs) of Alzheimer\'s dementia and vascular dementia by quartiles of total cholesterol (TC) variability.

                             **Events (n)**   **Follow-up duration (person-years)**   **Incidence rate (per 1,000 person-years)**   **Adjusted HR (95% CI)**   ***P*-value**
  -------------------------- ---------------- --------------------------------------- --------------------------------------------- -------------------------- ---------------
  **ALZHEIMER\'S DISEASE**                                                                                                                                     
  **TC variability (VIM)**                                                                                                                                     
  Q1                         632              271,508                                 2.33                                          1 (ref)                    
  Q2                         591              271,396                                 2.18                                          1.14 (1.02--1.28)          0.020
  Q3                         664              271,030                                 2.45                                          1.17 (1.05--1.31)          0.005
  Q4                         889              268,717                                 3.31                                          1.12 (1.00--1.25)          0.040
  P for trend                0.046                                                                                                                             
  **TC variability (CV)**                                                                                                                                      
  Q1                         633              271,568                                 2.33                                          1 (ref)                    
  Q2                         617              271,365                                 2.27                                          1.21 (1.08--1.35)          0.001
  Q3                         630              271,217                                 2.32                                          1.12 (1.01--1.26)          0.040
  Q4                         896              268,503                                 3.34                                          1.16 (1.04--1.29)          0.009
  P for trend                0.035                                                                                                                             
  **TC variability (SD)**                                                                                                                                      
  Q1                         633              271,356                                 2.33                                          1 (ref)                    
  Q2                         585              271,475                                 2.15                                          1.11 (0.99--1.24)          0.084
  Q3                         664              270,821                                 2.45                                          1.12 (1.00--1.25)          0.041
  Q4                         894              269,001                                 3.32                                          1.10 (0.98--1.23)          0.094
  P for trend                0.101                                                                                                                             
  **VASCULAR DEMENTIA**                                                                                                                                        
  **TC variability (VIM)**                                                                                                                                     
  Q1                         109              271,508                                 0.40                                          1 (ref)                    
  Q2                         114              271,396                                 0.42                                          1.21 (0.93--1.58)          0.147
  Q3                         101              271,030                                 0.37                                          1.00 (0.76--1.31)          0.988
  Q4                         164              268,717                                 0.61                                          1.22 (0.95--1.57)          0.122
  P for trend                0.235                                                                                                                             
  **TC variability (CV)**                                                                                                                                      
  Q1                         104              271,568                                 0.38                                          1 (ref)                    
  Q2                         119              271,365                                 0.44                                          1.33 (1.02--1.73)          0.034
  Q3                         91               271,217                                 0.34                                          0.94 (0.70--1.24)          0.645
  Q4                         174              268,503                                 0.65                                          1.34 (1.04--1.73)          0.023
  P for trend                0.136                                                                                                                             
  **TC variability (SD)**                                                                                                                                      
  Q1                         116              271,356                                 0.43                                          1 (ref)                    
  Q2                         102              271,475                                 0.38                                          1.02 (0.78--1.33)          0.884
  Q3                         115              270,821                                 0.42                                          1.06 (0.82--1.38)          0.658
  Q4                         155              269,001                                 0.58                                          1.12 (0.87--1.45)          0.374
  P for trend                0.360                                                                                                                             

*VIM, variability independent of the mean; CV, coefficient of variation; SD, standard deviation*.

*Adjusted for age, sex, income, body mass index, hypertension, dyslipidemia, history of myocardial infarction, smoking, alcohol intake, exercise, and mean total cholesterol level*.

*Using regression methods of Fine and Gray for competing risk data (death is a competing event for dementia)*.

Subgroup analyses stratified by age, sex, BMI, hypertension, use of antihypertensive agents, dyslipidemia, use of lipid-lowering agents, history of MI, current smoking, and level of income were performed ([Figure 3](#F3){ref-type="fig"}). The Q2--Q4 group of TC-VIM variability remained predictive of all-cause dementia in the subgroups of older (≥70 years) individuals, those without obesity, those not taking lipid-lowering agents, those without history of MI, non-smokers, and those with high income, irrespective of gender, history of hypertension and antihypertensive agents, and history of dyslipidemia, compared with the Q1 groups ([Figure 3A](#F3){ref-type="fig"}). Additionally, the associations between TC-WIM variability and AD were consistent in subjects who were older (≥70 years), female, with or without obesity, without hypertension, using antihypertensive agents, with a history of dyslipidemia, not taking lipid-lowering agents, with no history of MI, and non-smokers, irrespective of income ([Figure 3B](#F3){ref-type="fig"}). There was no statistically different incidence of all-cause dementia and AD within categories of several risk factors. A substantially higher risk of VaD was observed in the high-income subgroup compared to that of the low-income group (*P*-value for interaction = 0.004; [Figure 3C](#F3){ref-type="fig"}).

![Hazard ratios (HRs) and 95% confidence intervals (CIs) of dementia in the highest three quartiles vs. the lowest quartile of total cholesterol variability (VIM) in subgroups. Adjusted for age, sex, body mass index (BMI), hypertension (HTN), use of antihypertension medication, dyslipidemia, use of a lipid-lowering agent, history of myocardial infarction, current smoking, and income. **(A)** All-cause dementia. **(B)** Alzheimer\'s disease. **(C)** Vascular dementia.](fneur-10-00441-g0003){#F3}

Discussion {#s4}
==========

Using a large-scale cohort data set with long follow-up duration, we demonstrated that high visit-to-visit TC variability was associated with the occurrence of all-cause dementia and AD independently of mean TC levels in the Korean population. However, there was no association between visit-to-visit TC variability and VaD. These results infer that variability in cholesterol level may be a novel predictor of upcoming dementia, including AD.

Variability in anthropometric or laboratory parameters may be surrogate markers for diverse diseases rather than measurement error. High intraindividual variability in cholesterol levels is linked to adverse outcomes. In the long-term Framingham Study including 2,912 men and women, high intraindividual variability in TC was related to increased risks of CVD and mortality ([@B14]). In addition, Kim et al. showed that high visit-to-visit variability in TC level is associated with the risk of stroke, MI, and mortality in Koreans ([@B15]). In the Treating-to-New-Targets (TNT) trial, Bangalore et al. reported that high LDL-C variability was also associated with stroke, MI, any coronary event, any cardiovascular event, and mortality after adjusting for mean LDL-C levels and statin treatment ([@B16]). In subjects with previous ST-segment elevation MI events, visit-to-visit LDL-C and high-density lipoprotein cholesterol (HDL-C) variability is an independent predictor of major adverse cardiovascular events including stroke and MI ([@B17]). Moreover, recent studies demonstrated that visit-to-visit variability in lipids is related to other chronic inflammatory outcomes such as the incidence of diabetes ([@B18]), diabetic nephropathy progression ([@B19]), and end-stage renal disease progression ([@B20]). Notably, Smit et al. reported that higher LDL-C variability, independent of statin use and mean LDL-C levels, is related to lower function in four cognitive domains, greater white matter hyperintensity volume, and lower cerebral blood flow ([@B10]). Similarly, positive correlations between LDL-C variability and dementia risk factors such as maximum carotid intima media thickness ([@B21]) or severity of obstructive sleep apnea ([@B22]) have been reported. Recently, using the data of NHIS, Lee et al. showed an association between increased variabilities in metabolic parameters, including blood pressure, glucose, cholesterol, and BMI, and risk of dementia during a median follow-up of 5.5 years ([@B23]). They concluded that there was a linear relationship between the number of increased variability parameters and risk of dementia. On the other hand, our study focused on the impact of higher visit-to-visit TC variability on long-term risk of dementia using the NHIS-HEALS database for a longer follow-up period (8.4 years). Therefore, we presented detailed results regarding the relationship between visit-to-visit TC variability and dementia, such as Kaplan--Meier curves by quartiles of TC variability ([Figure 2](#F2){ref-type="fig"}) and HRs (95% CIs) in various subgroups of risk factors ([Figure 3](#F3){ref-type="fig"}).

Several epidemiologic studies have revealed the relationship between TC level and the risk of cognitive outcomes. Although the relationship between hypercholesterolemia and impaired cognitive function was shown in animal studies ([@B24]--[@B26]), the findings were controversial and varied according to the study design in human studies. In a longitudinal population-based study, high TC level (≥6.5 mmol/L) or systolic blood pressure (≥160 mmHg) in midlife was predictive of an elevated the risk of AD during a mean 21 years of follow-up ([@B27]). However, another longitudinal study conducted over 32 years revealed that TC level in midlife was not significantly related to the risk of dementia ([@B28]). Additionally, Beydoun et al. used Cox proportional hazard models to show that increased first-visit TC level is associated with a decreased risk of mild cognitive impairment but not with dementia ([@B29]). A meta-analysis including these previous studies reported that high TC measured in midlife (40 \< age ≤ 60 years) was significantly associated with an increased risk of late-life all-cause dementia (relative risk: 1.82; 95% CI: 1.27--2.60; *P* \< 0.01) and AD (relative risk: 2.14; 95% CI: 1.33--3.44; *P* \< 0.01) compared to individuals without high TC levels ([@B30]). Meanwhile, most studies that measured TC in late life have reported that high TC level is not associated with all-cause dementia ([@B30]--[@B32]) or AD ([@B30]--[@B33]). However, there is insufficient epidemiologic evidence to determine if high TC level is a predictable risk factor for dementia, including AD.

Although epidemiologic studies have assessed whether average TC level is a risk factor for cognitive outcomes, few have reported on serial changes in TC level. In a prospective study of 1,462 Swedish women, declining TC levels from midlife to late life were potentially related to an increased risk of AD ([@B28]). Beydoun et al. showed that a decline in TC level compared to baseline level was associated with an elevated risk of dementia among men but not women in subgroup analysis ([@B29]). Another study with 1,027 Japanese-American men reported that participants with dementia had sharply decreased serum TC levels in the early stages of dementia compared to those without dementia ([@B34]). Similarly, in Finnish men, the serial mean TC level in those with AD declined more drastically than that in the group without dementia ([@B35]). However, most previous studies on changes in TC focused on the decreasing trend of mean TC levels and dementia. To the best of our knowledge, the association between visit-to-visit variability in TC level and incident dementia or its subtypes has not been evaluated. The present study used nationwide population to confirm that visit-to-visit variability in TC level was independently associated with the risk of all-cause dementia and AD after adjusting for confounding factors.

The results of the present study showed that increased TC variability was not significantly associated with the risk of VaD. A possible reason for no association was the relatively younger age of the study population. Previous studies reported that the incidence of VaD increases exponentially as age increases after the age of 65 years ([@B36], [@B37]). Additionally, several previous studies demonstrated no meaningful associations between TC and VaD, concordant with our study findings. In a study of 1,027 Japanese-American men, Stewart et al. showed that a 26-year change in TC in midlife was not related to incident VaD ([@B34]). Another study in the general Japanese population older than 65 years of age reported that the risk factors for incident VaD included age, being an alcohol consumer, diabetes mellitus, stroke, blood pressure, and hematocrit, but not TC ([@B38]). In American community-based cohort studies of older age (\>65 years), Reitz et al. reported that the risk of VaD was not related to TC, even though a weak relationship between VaD and subtypes of cholesterol including LDL cholesterol and HDL cholesterol was observed ([@B33]). Further investigation is necessary to confirm the association between TC variability and VaD, considering the relatively low incidence of VaD, as well as to understand the mechanisms.

Although the pathophysiological mechanisms of TC variability in dementia are not fully known, several pathways have been suggested. The predicted pathogenic role of variability in cholesterol levels is connected to inflammation and endothelial dysfunction, which results in the development of atherosclerosis ([@B39]). A previous study showed that increased levels of serum markers of endothelial dysfunction were associated with an increased risk of developing cognitive impairment ([@B40]). Another pathway contributing to dementia or cerebrovascular damage is plaque instability ([@B41], [@B42]), use of lipid-lowering medication, and non-adherence to the use of lipid-lowering medication ([@B43]). Animal studies have demonstrated that intermittent high-fat diets lead to atherosclerosis ([@B44]). Furthermore, in animal and human studies, lipid-lowering agents caused changes in the composition of atherosclerotic plaques and plaque rupture ([@B45], [@B46]). However, our study reported a consistent association between TC variability and all-cause dementia or AD in the subgroup without lipid-lowering medication. Additionally, there is a need to evaluate the cholesterol metabolism and metabolic products in the brain affected by TC level variability in the blood.

This study has several limitations. First, due to inherent limitations of the observational study design, we could not infer a causal relationship between visit-to-visit TC variability and dementia. Second, although we tried to eliminate the covariates known to affect the risk of dementia in our multivariate analyses, unmeasured confounding factors such as depression, cognition level, and education are possible. Third, the NHIS health examinations did not assess other lipid profile data including LDL-C, HDL-C, and triglyceride levels. Nevertheless, the present study has notable strengths, including the validation of a standardized database from the Korean government with detailed and credible information regarding medication usage and medical diagnosis. Moreover, this study had a sufficiently long median follow-up period of 8.4 years to evaluate the risk of dementia in the general population. Additionally, the variability in cholesterol levels was calculated using diverse indicators such as TC-VIM, TC-CV, and TC-SD, and their associations with dementia and its subtypes were similar and consistent.

In conclusion, we report for the first time that higher visit-to-visit TC variability is independently associated with an increased long-term risk of dementia and AD after adjusting for potential risk factors including mean TC. The present study using a nationwide population provides new insight into the relevance of the serial measurement of cholesterol levels in populations at high risk of dementia. Further replication studies in other age or ethnic groups are necessary to validate these findings.

Contribution to the Field Statement {#s5}
===================================

Previous studies have reported the relationship between TC level and the development of dementia. Nevertheless, no study has assessed the association between visit-to-visit variability in TC and dementia. In a longitudinal nationwide population-based cohort, we evaluated the relationships between visit-to-visit TC variability and the incidence of dementia, including AD and VaD. This study suggested that visit-to-visit TC variability, using three different indicators, is a risk factor for the development of all-cause dementia, and AD independently of other risk variables, including mean cholesterol. However, we showed that increased TC variability was not significantly associated with the risk of vascular disease. Further study is needed to replicate these findings in other age or ethnic groups and to elucidate the mechanism of TC variability in the pathogenesis of dementia or AD.
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